One-electron reduction of the synthetic tetramers [FemSa(SR)~] 2-(R CHgPh, Ph), by chemical and electrochemical methods affords the corres~ofiding-trianions. ~The collective results from optical, electron paramagnetic resonance, and M~ssbauer spectroscopy, when compared to available data for reduced 4-Fe and 8-Fe ferredoxi~ proteins and super-reduced Chromatium high-potential protein, reveal that [FeASa(SR)j are electronic analogs of the [Fe4S4(S-Cys) 4] active sites of these prot~ifis. "
INTRODUCTION
The synthetic tetramer dianions [Fe4S4(SR)4 ]2-have been shown to be close structural and electronic representations of the active sites of oxidized 4-Fe and 8-Fe bacterial ferredoxin (Fdox) and reduced high-potential (HPre d) iron proteins (I-4) . Although formal oxidation state considerations imply that the dianions contain 2Fe(ll) and 2Fe(lll), i t has recently been shown by a variety of techniques that the iron sites are, in fact, indistinguishable (5) . The four-membered electron transfer series below has been established by voltammetry in non-aqueous media (4) . The relationships between proteins and analogs indicated in column (a) are supported by comparison of various electronic properties and the D2d cubanetype structures of the representative R CH2Ph (2) and Ph (6) dianions, which are closely similar to those of Fdox and HPre d iron-sulfur clusters (7) . One-electron reduction per active site of the proteins in (a) affords Fdre d and the recently discovered "super-reduced" form of the high potential protein, HPs_re d (8) . Available evidence indicates that the clusters in these two proteins are electronically 
INTRODUCTI ON
The synthetic tetramer dianions [Fe4S4(SR)4]2-have been shown to be close structural and electronic representations of the active sites of oxidized 4-Fe and 8-Fe bacterial ferredoxin (Fd ox ) and reduced high-potential (HP red ) iron proteins (1) (2) (3) (4) . Although formal oxidation state considerations imply that the dianions contain 2Fe(II) and 2Fe(III), it has recently been shown by a variety of techniques that the iron sites are, in fact, indistinguishable (5) . The four-membered electron transfer series below has been established by voltammetry in non-aqueous media (4) . The relationships between proteins and analogs indicated in column (a) are supported by comparison of various electronic properties and the D2d cubane type structures of the representative R = = CH 2 Ph (2) and Ph (6) dianions, which are closely similar to those of Fd ox and HP red iron-sulfur clusters (7) . One-electron reduction per active site of the proteins in (a) affords Fd red and the recently discovered "super-reduced" form of the high potential protein, HP - (2) . The species [Fe4S4(SR)4 ]3-were not isolated but were generated in solution by reduction of dianions using three methods; all manipulations were performed in a pure nitrogen atmosphere. Employing a Princeton Applied Research Model 170 Electrochemistry System solutions of the trianions in a c e t o n i t r i l e were obtained by constant potential e l e c t r o l y s i s (c.p.e.) at a platinum gauze electrode with simultaneous coulometry and monitoring of the optical spectra. The spectral Cell is similar to that previously described (9) . Applied potentials were ca. 0.2 V more cathodic than El/2 values for the 2- were obtained by constant potential electrolysis (c.p.e.) at a platinum gauze electrode with simultaneous coulometry and monitoring of the optical spectra. The spectral cell is similar to that previously described (9) . Applied potentials were ca. 0.2 V more cathodic than E l / 2 values for the 2- Spectra of solutions separated from the amalgam at this point were the same as those obtained following reduction by c.p.e.
The reduction product of [Fe4S4(SCH2Ph)4]2" has been the E.p.r. Spectra. more thoroughly studied. The axial spectrum obtained by reduction with I% NaFHg in a c e t o n i t r i l e is shown in Fig. 2 . V i r t u a l l y identical spectra at 5-6°K have been obtained for reduced species generated by other means, as shown by the following Spectra of solutions separated from the amalgam at this point were the same as those obtained following reduction by c.p.e. E.p.r. Spectra. The reduction product of [Fe4S4(SCH2Ph)4J2-has been the more thoroughly studied. The axial spectrum obtained by reduction with 1% NatHg in acetonitrile is shown in Fig. 2 . Virtually identical spectra at 5-6°K have been obtained for reduced species generated by other means, as shown by the following [Fe4S4(SCH2Ph)4J3-, whose spectrum is markedly temperature dependent. Relative peak-to-peak heights of the high field signal in Fig. 2 decrease smoothly from 1.00 at 5°K to 0.02 at 52°K and are reversible with temperature. Entirely similar behavior has been found for the trianion generated by amalgam reduction in benzo proteins reveal rhombic spectra (11, 12) ; for Bacillus polymyxa Fd red g = = 1.88, 1.92,2.06 and gav = 1.95 (11) . However, the HP d spectrum is axial with g = = s-re 1.93,2.04 and gav = 1.97 (8) . The temperature dependence of the trianion spectrum is clearly similar to those of the proteins. For B. po1ymyxa Fd red above 25°K signals rapidly become unobservable (11) , the spectrum of HPred is detectable only s below 35°K (8) , and the spectrum of C1. pasteurianum Fd d is well developed only re below 77°K (13) . Both axial and rhombic spectra have been found for [Fe4S4(SPh)4J2 reduction products depending on the method of preparation. For example, treatment with ACN-affords an axial spectrum (g = = 1.92, 2.06) whereas amalgam reduction in benzonitri1e yields a rhombic spectrum (g = = 1.86, 1.94,2.06, gav = 1.95).
Mossbauer Spectra. Iron-57 spectra were determined on samples reduced with ACN~ shown in these series are equivalent to the three-state hypothesis of protein oxidation levels proposed by Carter et al. (7) . Further work will involve examination of factors i~luencing axial vs. rhombic e.p.r, spectra, the question of s t r i c t equivalence of iron atoms in the trianion, and the relationship of these findings to electron distribution in the presumably less symmetric iron-sulfur clusters of the reduced proteins.
isomer shift may be compared with 0 ~ = = 0.54 mm/sec (195°K) found for Ba6FeSS15' which contains tetrahe~ral Fe-S4 units with an average iron oxidation state of 2.25 (20) . The magnetic hyperfine structure in the trianion spectrum, as well as the e.p.r. spectra, show that the electronic ground state is paramagnetic and that the electron spin relaxation time is of the order of the 57 Fe nuclear Larmor precession time. This result is expected because the ground state of the dianion is singlet (nonmagnetic) (1) . The observed line broadening in the trianion may reflect structural or electronic differences among iron atoms in the Fe4S4 core. However, such differences, if any, are small. The unpaired electron is concluded to interact with all four atoms; localization on one or two metal sites is ruled out.
The optical spectral, e.p.r., and Mossbauer results establish the relation ship between total oxidation levels of synthetic trianions and the protein active sites in column (b) of the electron transfer series above. The relationships shown in these series are equivalent to the three-state hypothesis of protein oxidation levels proposed by Carter et~. (7) . Further work will involve examination of factors influencing axial ~. rhombic e.p.r. spectra, the question of strict equivalence of iron atoms in the trianion, and the relationship of these findings to electron distribution in the presumably less symmetric iron-sulfur clusters of the reduced proteins.
